Molecular-dynamics simulations of sodium silicate glasses in a range of alkali concentration going from 1.8% to 33.33% molar of Na 2 O are reported. Our simulations show that there is a tight relationship between Na atoms and nonbridging oxygens which are mainly located in the first Na coordination shell. In the whole range of composition, Na and nonbridging oxygen atoms appear to segregate giving rise to a heterogeneous distribution. For the higher alkali concentrations, formation of microchannels is observed. The activation energies for alkali diffusion have been computed and found in agreement with the experiment. The mechanism for the diffusion has also been investigated and found to occur through the microchannels, if present, or across the network for low compositions, but the Na motions always appear to be assisted by nonbridging oxygen atoms.
I. INTRODUCTION
Silicate glasses constitute one of the most widely used materials. However, in spite of its importance, the structure of modified oxide glasses is not well known yet. Considerable efforts have been devoted to elucidate this by using new techniques, such as x-ray absorption fine-structure spectroscopy ͑XAFS͒, 1-3 magic angle spinning NMR ͑MAS-NMR͒, [4] [5] [6] [7] isotopic substitution neutron scattering, 8 as well as the traditional spectroscopies of IR, 9 Raman, 10 and x-ray photoemission spectroscopy ͑XPS͒. 11, 12 However, the experimental data are not conclusive, and from these studies both nonrandom 13, 14 and random distributions of modifier cations 15 have been suggested. It is worth noting that neither inhomogeneous nor homogeneous distributions have been directly observed, the atomic arrangement depending on the interpretation of the experimental data.
With respect to transport properties, it has been shown that the activation energy for diffusion in these glasses decreases drastically from Ϸ1.2 eV at low alkali concentrations to about 0.6 eV at around 15 mol % of alkali oxide. Above 15 mol % of alkali oxide, it decreases very little when the alkali oxide concentration is increased up to 33 mol %. 16 Also, the diffusion mechanism associated to the alkali ion transport has been the subject of several conjectures.
Recently Greaves 13 suggested a modified random network ͑MRN͒ model for silicate glasses to account for the structural and transport properties. This model results from XAFS data in which the number of nonbridging oxygens ͑NBO͒ around alkali ions was found to be larger than that of bridging oxygens ͑BO͒. [1] [2] [3] In this model, there is a process of microsegregation in the glass and the modifying cations form clusters in the SiO 2 rich matrix, to which they are predominantly linked via the NBO's. At higher concentrations, the clusters percolate through the glass bulk giving rise to pathways for ionic conduction. These suggestions are, as yet, unconfirmed.
Molecular dynamics ͑MD͒ simulations are a valuable tool for insight into glass structure and to help interpret experimental results. Previous MD studies have reported both homogeneous 17 and heterogeneous [18] [19] [20] distribution of alkali cations. There have also been studies of transport properties and, thus, Huang and Cormack reported on the diffusion coefficients of Na for a range of concentrations. However, these simulations were constrained since in the calculations the silicate network was frozen and, in fact, it was not until recently that Smith, Greaves, and Gillan 21 reported quantitative results for the sodium diffusion coefficient. It has been suggested that the alkali ion motion is characterized by jumps from site to site in the silicate matrix. 21, 22 However, these studies have been limited to compositions with a high alkali concentration.
The purpose of this paper is to report the results of an investigation of the structure and dynamics of sodium silicate glasses (Na 2 O) x (SiO 2 ) 1Ϫx in a wide range of concentrations and temperatures through unconstrained MD simulations. Our first aim is to analyze the effect of Na doping on silicate structures as concentrations change. At the same time, a quantitative determination of diffusion constants and activation energies as well as the diffusion mechanisms over this range of concentrations will be reported. These simulations will allow us to test previous conjectures about alkali transport mechanism.
II. COMPUTATIONAL DETAILS
As is well known, potential functions play a key role in MD simulations. In the present work the interatomic potentials employed for SiO 2 were those derived by Vashishta et al. 23 This potential includes a three-body term to take into account the Si tendency towards tetrahedral coordination and has been shown to give good results for vitreous and molten states. The reported effective charges were Ϫ0.8 and 1.6 for O and Si, respectively, although, in order to maintain electroneutrality, it is necessary to vary these charges with Na concentration. For this purpose we have chosen to assign charge ϩ1 to Na cation and to vary only the O charge to keep our system neutral.
The interaction for the Na-Si, Na-O, and Na-Na pairs has been described by means of a simple pair potential consisting of an electrostatic contribution and a short range repulsive term. The short-range term was represented through a BornMayer analytical potential:
whose parameters A and for the Na-Na, Na-O, and Na-Si pairs were adjusted in order to reproduce the first coordination shell distance ͓2.3-2.4 Å ͑Refs. 1, 3, and 24-26͔͒ observed in the radial distribution function ͑RDF͒ obtained from MD simulations for a system with a Na 2 O concentration of 10.74% molar ͑system C in Table I͒ . Although this choice could be considered arbitrary, we hope it will be valid to perform a systematic study of vitreous states in a Na 2 O concentration range. On the other hand, after a preliminary analysis it was found that the short range term in the Na-Na and Na-Si potentials were negligible and, therefore, a good description of the system could be achieved considering only the parameters for Na-O interaction pair, whose final values were: A(Na-O)ϭ3060ϫ10 Ϫ12 erg and (Na-O)ϭ0.265 Å. The simulations were performed for five Na 2 O concentrations ranging between 1.8% M ͑system A͒ and 33.33% M ͑system E͒. The experimental density at room temperature for every Na 2 O concentration was used and for the sake of simplicity they were assumed to be constant in the range of temperatures considered. The main physical aspects of the system are summarized in Table I. MD simulations were undertaken in the microcanonical ensemble, with constant NVE, where N is the number of atoms, V is the volume, and E is the total energy of the system. Equations of motion were numerically integrated using the leapfrog algorithm with a time step of 0.5 fs. Periodic boundary conditions were handled according to the minimal image and the electrostatic contributions were computed through the Ewald sum technique. During our calculations energy stays constant better than one part in 10 5 . For a given alkali concentration, the initial configuration was obtained by randomly adding the appropriate amount of Na 2 O to vitreous SiO 2 . This configuration was thermalized at 3000 K in a 30 000 steps simulation in which the velocities were rescaled. After this thermalization, another run of 5000 steps was performed in order to check that the system reached equilibrium, and finally, a production run of 15 000 steps ͑7.5 ps͒ was carried out for statistics. From this initial state at 3000 K we generated others at 2500, 2000, 1500, 1000, 600, and 300 K. For every temperature the same simulation runs schedule was used. From these simulations we obtained the static properties; however, we found that the statistics was relatively poor for the calculation of the diffusion coefficients, mainly for the systems with low amounts of Na 2 O. For this reason, we increased the production runs up to 45 ps for the temperatures higher than 1500 K ͑there is no appreciable diffusion below this temperature͒. Also, additional states at 3500 and 4000 K were created.
III. RESULTS AND DISCUSSION

Structure
We will start this section analyzing structural results. In general, the radial distribution functions, RDF's, corresponding to the pairs Si-O, Si-Si, and O-O are almost the same as those found for pure SiO 2 . On going from system A to E, there is a small shift of the Si-O RDF first maximum from 1.61 to 1.58 Å. This shift can be easily understood taking into account that increasing the Na concentration leads to more negative charge on the oxygen atoms, and therefore to an increment in the Coulombic term of the interaction potential.
FIG. 1. Radial distribution functions for Na-O, Na-Si and Na-Na pairs. Concerning the structure of Na sites, the RDF's for Na-O, Na-Si and Na-Na obtained at 300 K are reported in Fig. 1 , while the first maxima of the distributions are summarized in Table II . As can be seen, the first coordination shell for Na is well defined and, in general, the maximum of the Na-O RDF slightly shifts towards lower distances when doping. This is not the case for system A, whose first maximum in the Na-O distribution appears at shorter distance as a well resolved peak. This feature will be explained later. With respect to the values obtained, they fall in the range 2.3-2.4 Å showing the coherency of the fitting procedure used in the determination of the Born-Mayer potential parameters. On the other hand, when temperature rises, a thermal broadening of the RDF's is observed and, as shown in Table II , the maxima position shifts slightly toward lower values. However, the shape of the bands persists, indicating that the cation environment is maintained. Similar behavior is found in the Na-Si RDF's, although the shifts induced by both temperature and alkali concentration are somewhat larger.
With respect to Na-Na pair, the RDF is reported at the bottom of Fig. 1 where there is a prominent band indicating a clear coordination shell in the 3.5-4.1 Å distance range. This result could appear amazing, since assuming a homogeneous distribution, the first Na-Na maximum would be at larger distance ͑for example, 5.86 Å for system C and even larger for systems A and B͒. This means that Na cations tend to be together and there is a spatial heterogeneous distribution. This result supports the modified random network model proposed by Greaves 13 based on XAFS experiments carried out with a disilicate composition sample. Also, our value for the Na-Na distance corresponding to the same composition ͑system E, 3.59 Å͒ agrees reasonably with the 3.2 Å distance obtained from the XAFS data.
From the RDF's, and taking as cutoff the distance corresponding to the first minimum, we have estimated the coordination numbers for Si and O atoms. These values for the A-E compositions are reported in Table III for temperatures 300 and 3000 K. This analysis shows that, whatever the composition is, most of the silicon atoms are fourcoordinated, the number of three-coordinated silicons increasing moderately when the temperature rises. With respect to the oxygen coordination number, it appears clearly that when the Na concentration increases, the number of bridging oxygen ͑BO͒ atoms ͑i.e., those bound to two silicon atoms͒ decreases monotonously, while, concomitantly, the number of nonbridging oxygen ͑NBO͒ atoms rises. Roughly, it is found that there is one NBO by each Na atom. On the other hand, the temperature dependence is low and the general trend is an increment of under-coordinated species when temperature increases.
The coordination environment of Na cation can be observed in Fig. 2 , where the coordination number N against the distance is reported for the Na-O and Na-Na pairs. The Na-O curves show an inflection of about Nϭ5,6 for all compositions except that of system A, for which Nϭ2,3. Such a fivefold, sixfold coordination agrees well with the XAFS data. Moreover, there is not a regular pattern for the coordination polyhedra in disagreement with the formation of trigonal bipyramidal units around the Na cation suggested by Smith, Greaves, and Gillan. 21 On the other hand, the Na-Na curves show a regular increment of the coordination number as Na concentration rises.
In order to make clear the relationship between NBO's and Na cations, an analysis of the type of oxygen atoms bound to the Na cations was performed. In Table IV , the oxygen atoms have been grouped depending on whether they are of NBO or BO type, and within each class whether they are bound or not to a Na cation. Inspection of Table IV shows that, as expected, increasing the alkali concentration gives rise to an increment of both BO and NBO percentages related to Na cations. However, whatever the composition is, most of the NBO's are bound to Na centers ͑last column͒. This tight relationship between NBO's and Na cations appears to be unaffected by the lowering of the cutoff distance as shown in the table, where results for cutoffs of 3.3, 2.9, and 2.4 Å are reported for C composition. Contrarily, the number of BO's bound to Na centers drops significantly when the cutoff is lowered. In summary, from this analysis and the Na-Na RDF's we can conclude that both Na and NBO's tend to be grouped into the bulk of the SiO 2 matrix, which is typical of a microsegregation phenomenon. This behavior can easily be seen in Fig. 3 where snapshots of the MD simulations for systems A, C, and E are presented. The trend for the Na and NBO atoms to be grouped appears clearly in the three images. Also, it is found that above the percolation limit composition ͑system C͒, the microsegregation process gives rise to formation of microchannels. In order to get a deeper insight of the structure, the oxygen contributions to the RDF arising from NBO's and BO's has been separated and are reported in Figs. 4 and 5. The first peak of the NBO-NBO RDF ͑Fig. 4, top͒ appears at 2.60 Å and corresponds to two NBO's bound to the same Si ͑this peak is not present in system A because such a situation is unusual at very low Na concentration͒. More interesting is the second peak, approximately at 3.3 Å which has been attributed to the presence of trigonal bipyramids. 21 The analysis of the data reveals that it corresponds to O-Na-O units belonging to highly distorted polyhedra. On the other hand, the RDF for BO-BO pairs ͑Fig. 4, bottom͒ are found to be similar to the total O-O RDF. Nevertheless, when Na concentration is high ͑systems D and E͒, the peak at 4.9 Å disappears and the curves show again a band at 3.3 Å indicating the formation of BO-Na-BO units. With respect to NBO-Na and BO-Na RDF's shown in Fig. 5 , it turns out that the Na cations bind NBO's giving rise to a well defined band, whatever the concentration is ͑2.30, 2.33, 2.34, 2.30, and 2.28 Å for systems A-E, respectively͒. For BO's the first peak becomes clear only at high concentrations ͑2.30 and 2.28 Å for systems D and E͒, the formation of this peak being coherent with the presence of the 3.3 Å peak at BO-BO RDF for systems D and E. On the other hand, and in light of these partial contributions of the oxygen atoms to the RDF, a new analysis of the coordination numbers could be performed. However, it is difficult to assign a cutoff distance to every peak and cutoffs are different for NBO and BO contributions, although we can conclude that Na cations are bound to 2-3 NBO's and complete their coordination up to 5-6 with BO's. The combination of NBO-Na and BO-Na RDF's allows us to explain the good resolution observed for the first peak in the O-Na RDF for system A in Fig. 1, as   FIG. 2 . Plot of the Na coordination number N(r) as a function of the distance. well as its low coordination number, since for this system only the NBO-Na pair makes a significant contribution to the total RDF. A further structural property refers to the angular distribution functions ͑ADF͒. The ADF for O-Si-O always shows a sharp peak at 109°reflecting that the tetrahedral coordination of Si atoms is preserved when composition is varied. For the Si-O-Si ADF a broad distribution is found, and on going from system A to E, the maximum shifts from 144°for system A, the same value as that of pure SiO 2 , 27 to 142°, 140°, 137°, and 136°for systems B, C, D, and E, respectively. This lowering indicates that the presence of the O-Na-O triads slightly distorts the relative position of the SiO 4 tetrahedra. The ADF's associated with the Na atoms appear to be more interesting, and are reported in Fig. 6 for systems A, C, and E at 300 K. The distributions for O-Na-O show a first well resolved band around 56°, followed by a broad band with maxima around 90°and 115°. The presence of the peak at 56°confirms the absence of trigonal bipyramids. A careful analysis of Na environments shows that the first peak is mainly associated to situations in which Na is close to a BO and a NBO belonging to the same SiO4 tetrahedron ͑NBO-Na-NBO triads are much less common and its associated angle is 70°͒. On the other hand, the broad bands correspond to oxygen pairs belonging to different Si atoms. It should be noticed that the first maximum, ϳ90°is in agreement with a Na-O distance of 2.3 Å and the maximum observed at 3.3 Å in the O-O RDF. In its turn, the Si-O-Na ADF shows a broad band in the 80°-120°range that becomes narrower as Na concentration rises.
We have also analyzed ADF's with more than one Na atom, although only those of Na-O-Na and Na-Na-Na will be briefly considered. For the Na-O-Na a broad band with a maximum at ϳ95°is found. Taking 2.3 Å for the Na-O distance, this angle gives a Na-Na interdistance of 3.4 Å in agreement with the maximum observed in the Na-Na RDF. The Na-Na-Na ADF features a poorly resolved distribution which broadens when temperature rises. In general, repetitive Na-Na-Na patterns are not found in the present simulations.
Na ion diffusion
The diffusion coefficients D for systems A-E have been determined in the ͓2000-4000 K͔ temperature range from the plots vs time of the medium square displacements ͑MSD͒. The variation of logarithm of D against 1/T is plotted in Fig. 7 . Inspection of this figure shows a quasilinear behavior in agreement with the Arrhenius law observed 21 for diffusion coefficients for alkalis in disilicates. According to this, the diffusion coefficient is given by:
where D 0 is the preexponential factor, k B is the Boltzmann constant and E a is the activation energy. The slope of a least-squares linear fit to our data gives the following activation energies for the compositions here considered: 1.70, 0.99, 0.85, 0.84, and 0.66 eV for systems A, B, C, D, and E, respectively. When these values are compared with the experiment an excellent agreement is found. First, a lowering of the energy activation is found and this lowering appears to occur quickly. For Na concentration larger than that of B, there is a relative stabilization, the activation energy diminishing more slowly until the disilicate composition, system E, for which the experimental value is of 0.68 eV. 16 Our values are also in good agreement with those obtained from previous MD simulations for the disilicate composition ͑0.56 eV͒. 21 On the other hand, at the level of impurities, the activation energy has been estimated to be about 1.2-1.3 eV. 16 Likely, our value for system A could be overestimated, since as shown in Fig. 7 , only three points have been used in the fitting. This is because at lower temperatures, no significant diffusion is observed. In any case, it clearly appears that the slope for these three points is larger than those of higher concentrations. In summary, our calculated values compare well with both experimental and theoretical measurements, and, as far as we can ascertain, this is the first time that these diffusion coefficients have been calculated in this range of concentrations.
The mechanism for Na diffusion will be considered now. In Fig. 8 , typical trajectories for some compositions and temperatures are depicted. In the top of this figure, the trajectories for low concentration ͑systems A and B͒ at 2500 K describe a quasicontinuos motion of the Na cation through the network. This type of motion is observed in the whole temperature range and would agree with the ''network hopping'' mechanism proposed by Greaves and Ngai 28 for low alkali concentration, in which it was suggested that the hopping would occur without the participation of NBO. However, the analysis of the coordination shell for Na along these trajectories shows that when Na moves the description of its environment is essentially the same, i.e., new NBO's are being formed along the Na motion through breaking of Si-O bonds. On the other hand, for high alkali concentrations ͑C and higher͒, the trajectories depicted in the bottom part of Fig. 8 are indicative of sudden jumps between sites. Inspection of the Na environment along these trajectories reveals that the Na motion appears to occur through the microchannels present in the material. This mechanism is in agreement with the ''intrachannel hopping'' proposed by Greaves behavior does not mean that there is a change in the mechanism, which still goes through the microchannels, but it reflects simply that the residence time in the sites where Na cation is stabilized is much shorter, according to the larger values of the diffusion coefficients.
Finally, it should be noted that the diffusion behavior is perfectly coherent with the computed activation energies. For low alkali concentrations, Na motion necessarily involves breaking of Si-O bonds giving rise to NBO's, and the energetic cost would account for the higher activation energy for diffusion. However, for alkali concentrations higher than the percolation limit, the Na diffusion occurs assisted by the NBO's already present in the microchannels. The motion is easier, with lower energetic barriers, and becomes significantly faster when the kinetic energy of the cations reaches a given threshold value.
IV. CONCLUSIONS
In the present work MD simulations of sodium silicate glasses in a range of alkali concentrations and temperatures are reported. From the study of several structural properties and direct inspection of configurations from MD simulations the following points can be concluded: ͑i͒ on increasing the Na 2 O concentration, an increment in the number of NBO is found. Roughly, there is one NBO for each Na atom; ͑ii͒ NBO's are found to be close to the Na atoms, belonging to their first coordination shell; ͑iii͒ the Na atoms ͑and therefore the NBO's͒ tend to be together. These three findings are characteristic of a microsegregation process in which, starting from a homogeneous alkali distribution, the system evolves towards a heterogeneous one. Beyond a given Na 2 O concentration ͑Ͼ10% in this simulation͒, formation of microchannels is also observed. These results would support the modified random network model proposed by Greaves. 13 Activation energies for alkali diffusion have been computed and found in quite good agreement with the experimental ones, both in their magnitude and in their dependence on the Na 2 O concentration. The alkali diffusion always is assisted by NBO's and for high concentrations it takes place through the microchannels. In such a case it is relatively easy since NBO's are always present in these regions. For low concentrations, the alkali diffusion involves breaking of Si-O bonds, in agreement with the larger activation energy.
